Small hydroelectric power plants (SHP) have been considered as an alternative for the generation of electricity with reduced environmental impacts. Nevertheless, no studies have addressed changes in a particular kind of river macrohabitat commonly affected by SHPs, the knickzones. This study aimed to assess the impact of a SHP construction on the aquatic macroinvertebrate fauna associated with two basaltic knickzones located in Sapucaí-Mirim River, Southeast Brazil. The first, considered as a functional knickzone, follows the natural dynamics of the river flow and preserves the original rock substrate. The second, considered as non-functional knickzone, was permanently flooded after the SHP construction and the consolidated rock substrate was changed by fine sediment. Sampling was carried out in two seasonal periods and the data were analysed through multivariate analysis. It was observed differences in composition and structure of the macroinvertebrates community between the knickzones and periods. The functional knickzone exhibited a much higher richness, 72 taxa compared to 44 in the non-functional, as well as a large number of exclusive taxa (38, being only nine exclusive to the non-functional). Diversity, equitability and density mean values were also higher in the functional knickzone. The limnological parameters varied significantly between dry and rainy seasons but not between the distinct knickzones. This kind of macrohabitats and its potential role for the rivers biodiversity is practically unknown. In the scenery of fast SHP expansion, further studies and protection measures are necessary.
Introduction
Human population growth, economic development, climate change and the need to address the fact that more than 1.4 million people are still disconnected from electricity supplies have boosted hydropower construction. Worldwide, approximately 8,600 dams primarily designed for hydropower generation are in operation (Zarfl et al., 2015) . Currently, small hydroelectric power plants (SHPs) (production < 30 MW) are considered a renewable and sustainable option for providing energy (Premalatha et al., 2014; Spänhof, 2014) . However, some recent studies have stressed that the impacts of this kind of power plant on river water quality and structure of biological communities (Jesus et al., 2004; Mantel et al., 2010; Premalatha et al., 2014) could be equivalent to the already widely reported effects of larger hydropower plants. Nevertheless, the impact of reservoir construction on a particular river macrohabitat, the knickzones, has not been considered.
Knickzones are shallow river stretches geologically characterized by the presence of rock outcrops Oguchi, 2006, 2009 ) and because of their solid consolidated substrate, these environments are propitious sites for hydroelectric dams' axis positioning. Only recently, the threat to knickzones caused by hydroelectric projects was evidenced in Brazil, during the controversial construction of the huge hydroelectric plant of Belo Monte in the Xingu River, Amazon Basin (Winemiller et al., 2016) . Although the knickzones are commonly observed around the world, these environments have been largely unstudied in river ecology. Some works have analysed the spatial distribution and geological formation of fluvial knickzones (Walsh et al., 2012; Pederson and Tressler, 2012; Lima and Binda, 2013) , but they did not focus on the environmental and biotic changes related to human interferences. Brambilla et al. (2018) characterized basaltic knickzones (volcanic origin) as a complex aquatic habitat, composed of riffles, runs and pools distributed in a mosaic. They pointed the differences in depth, turbulence, velocity and flow as well as the degree of connectivity of the distinct habitats with the main river flow resulting in very high local heterogeneity in these macrohabitats. The inherent high complexity and the difficulties to access the knickzones, impossible by conventional boat for instance, can be the reason for the lack of knowledge about these environments.
Our premise is that the construction of SHPs, as the larger hydroelectric plants, alters the sediment and the natural hydrodynamic processes in knickzone areas, deeply influencing the benthic communities, such as the aquatic macroinvertebrates. This community constitutes an important link of the food chains, being fundamental for the dynamics of the aquatic ecosystems. These organisms also participate in nutrient exchanges between sediment and interfacial water, such as phosphorus and nitrogen, either through excavation / bioturbation activities or by direct action in the fragmentation / decomposition / mineralization of organic matter (Esteves, 2011) . In addition, they constitute a community particularly indicative of changes in the aquatic environment (Rosenberg and Resh, 1993; Callisto et al., 2004; Esteves, 2011) .
Thereby, the aim of this study was to assess the impact of SHPs on the aquatic macroinvertebrate fauna associated with basaltic knickzones, considering two distinct areas for comparison: one influenced and another not influenced by SHP construction. We postulated that the knickzone, which is directly influence by the natural flow hydrodynamicalternating periods of flood and partial exposition of the bedrock substrate, called here as functional, would show higher values of diversity, density and richness compared to the non-functional knickzone, which remains permanently flooded, undergoing deposition of fine sediment due to river regulation.
Methods

Study area
Two basaltic knickzones located in the Sapucaí-Mirim River, Southeast Brazil, were studied. The Sapucaí-Mirim River is located in the high Paraná Basin and it is a 5th order river, approximately 290 km in length, characterized by an alternating longitudinal profile between fast flow stretches and sequences of small knickpoints.
Both basaltic knickzones studied were located upstream of an SHP dam named Palmeiras, installed since July 2011 ( Figure 1 ). The first knickzone is 7.5 km above the dam (20°34'34.1"S, 47°47'06.5"W) and is not directly influenced by the reservoir tail, staying flooded or exposed according to volume and level of water flow, which are influenced by seasonal rainfall or drought as well as atypical weather events (Figure 1a , b). Therefore, it was considered as a functional knickzone (F). The substrate of the functional knickzone is basaltic, formed by strong bed rock, basically a continuous platform, as well as smaller isolated areas with some sand accumulation.
The second knickzone is in the transitional (lotic-lentic) zone of the reservoir (20°34'04.6"S, 47°47'42.7"W), 3.5 km downstream the functional one, and it was considered as non-functional (NF) because of its permanently flooded condition (Figure 1a, b) . The substrate is presently filled by fine sand, very fine sand, silt and clay deposited over the original consolidated bedrock.
Sampling design
Sampling was carried out in September 2012, late winter (dry season), and in May 2013, late summer (rainy season). During each period, twenty-four macroinvertebrate samples were collected along a transversal transect, from the left to right margin, across run areas. In the functional knickzone, samples were collected with a surber (0.09 m 2 , 250 µm), whereas in the non-functional knickzone, samples were collected with a van Veen sampler (0.0198 m 2 ). Different equipments were selected due to the local characteristics, i.e., the type of sediment and water column depth (Brandimarte et al., 2004) , and the data were standardized to individuals per m 2 for comparisons.
The samples were washed through 250-µm mesh size sieves, fixed in 4% formalin, washed in tap water and stored in 70% alcohol. The organisms were identified to the lowest taxonomic level based on specialized literature (Pennak, 1989; Brinkhurst and Marchese, 1989; Lopretto and Tell, 1995; Merritt and Cummins, 1996; Mariano and Froehlich, 2007; Domínguez and Fernández, 2009; Krantz and Walter, 2009; Mugnai et al., 2010) .
Simultaneously, the following water quality parameters were measured: pH, conductivity (K), turbidity (Tb), dissolved oxygen (DO), oxygen saturation percentage (% Sat.), temperature (T), oxide reduction potential (ORP), and total dissolved solids (TDS) using a calibrated Horiba probe (U-52). Water samples were also collected for the determination of total nitrogen (TN) (Mackereth et al., 1989) , total phosphorus (TP) (Strickland and Parsons, 1960) , total solids (TS) (APHA, 2012), organic suspended solids (OSS), inorganic suspended solids (ISS), total suspended solids (TSS) (sensu Cole, 1979) , and chlorophyll a (Chl-a) (Talling and Driver, 1961) . Depth was measured with a Speedtech  sonar or rule in each individual sampling point along the river cross-section. The rainfall data for the studied period were obtained from National Institute of Meteorology (INMET, 2014), Franca city weather station.
Data analysis
Two-way ANOVA followed by Tukey's test was applied for the detection of environmental differences between the functional and non-functional basaltic knickzones and seasonal periods. All data were log(x+1) transformed except for pH. A PCA was performed in PRIMER v6.0 to identify spatial and temporal patterns of variation in the environmental data (Clarke and Gorley, 2006) .
The macroinvertebrate counts were converted to densities (individuals per m 2 ) prior to the statistical analyses. For comparisons between both areas and both periods the following macroinvertebrates structure descriptors were used: density, relative abundance, Shannon's diversity index and Pielou's equitability (determined with PAST software, Hammer et al., 2001) .
We performed two-way ANOVA followed by Tukey's test to identify significant differences in richness, density, Shannon's diversity index and Pielou's equitability (Zar, 1999) in Statistica 7.0 (StatSoft, 2004) . The factors were functional and non-functional knickzones and seasonal periods.
To characterize the macroinvertebrate community structure in each basaltic knickzone, we used non-metric multidimensional scaling (NMDS) derived from Bray-Curtis similarity matrices using square-root transformed density data (Clarke and Warwick, 2001) . Similarity analysis (ANOSIM) and specific composition analysis (SIMPER) were applied to the groups obtained in the NMDS analysis. ANOSIM tested the null hypothesis of no difference between the knickzones in each period, and SIMPER determined the main taxa responsible for the observed differences. Both tests were conducted using PRIMER (v6.0) (Clarke and Gorley, 2006) with the PERMANOVA+ add-on (Anderson et al., 2008) .
Results
Environmental parameters
Daily precipitation (mm) recorded in the month preceding each sampling date and the seasonal distribution of rains (mm) in the studied period are presented in Figure 2 . It shows that September sampling was preceded by a long dry condition (0.0 mm in August), different from the considerable high precipitation immediately before and in May as well.
The mean values and standard deviations of the measured environmental parameters are shown in Table 1 . All parameters were significantly different (two-way ANOVA, p<0.05) between the two periods or for the interaction of period-knickzone except for the oxygen saturation percentage and total solids. A similar trend was observed in the PCA (Figure 3) , with periods being separated on the first axis (74.2% of variance explicability) and the non-functional knickzone in September 2012 on the second axis (15.6% of variance explicability). In September, both knickzones showed higher values of pH, conductivity, temperature, total dissolved solids, total solids, total nitrogen and total phosphorus. In May, both knickzones showed higher turbidity, dissolved oxygen, oxygen saturation, oxy-reduction potential, chlorophyll a, and total suspended matter and its organic and inorganic fractions.
Macroinvertebrates
Eighty-two taxa belonging to Cnidaria, Nemertea, Platyhelminthes, Nematoda, Annelida, Crustacea, Entognatha, Insecta and Mollusca were found considering both sampled areas. Seventy-two taxa occurred in the functional knickzone (38 exclusive) and forty-four in the non-functional (9 exclusive) (Appendix A).
The total density was higher in September in the functional knickzone and in May in the non-functional knickzone ( Table 2 ). Diversity and equitability showed similar variation, with lower values in September in the non-functional knickzone ( Table 2 ). The mean richness (p=0.000; F=17.12), density (p=0.023; F=5.36), Shannon diversity (p=0.000; F=13.82) and Pielou's equitability (p=0.001; F=11.63) were significantly different in the interaction of knickzone-period, with higher values in the functional knickzone.
The relative abundance of Diptera was higher in the functional knickzone (46% both in September and May), followed by Trichoptera (S=23%; M=19%) and Ephemeroptera (S=10%; M=23%). The non-functional knickzone was dominated by Oligochaeta (S=71%; M=44%) and Diptera (S=18%; M=30%) ( Figure 4) .
The NMDS analysis showed differences between the knickzones and periods in terms of the composition and structure of the macroinvertebrate community, which was verified by the ANOSIM test (p<0.001) ( Figure 5) . The closer to 1 (maximum value) the R global value, the lower the probability that the distribution of samples is random, i.e., the higher the probability that the samples represent different communities (Clarke, 1993) .
The average dissimilarity of the taxa density varied between 73.64 and 93.40% (SIMPER analysis, Table 3 ). Figure 6 ).
Discussion
The results demonstrate that most environmental parameters were similar between the basaltic knickzones within each seasonal period. However, in terms of macroinvertebrates fauna differences between the functional and non-functional knickzones were evident. The non-functional knickzone exhibits lower mean values of richness, density and diversity of macroinvertebrates.
The physical and chemical similarities in the water parameters of the two knickzones within each seasonal period likely occur because of the low retention time of water in the run-of-river reservoir of the Palmeiras SHP (mean of 2.06 days). Nogueira et al. (2012) , when studying the Salto Grande Reservoir of the Paranapanema River (SE, Brazil), observed that the entire reservoir functions as a riverine system as result of the short water retention time. Therefore, although the non-functional knickzone is under the direct influence of an SHP reservoir, the environmental parameters did not change significantly. Conversely, temporal differences were evident by the PCA and two-way ANOVA results, showing the effects of seasonality. The conditions found in September 2012 can be considered typical of the dry season, while the data observed in May 2013 reflect the end of the rainy season.
Seasonality can alter not only the physical and chemical parameters, as volume, flow and the speed of water displacement. These natural dynamics of the fluctuation in water levels in lotic systems also influences the dispersion processes of organisms, locally changing the composition and structure of communities (Modde and Schmulbach, 1973; Lucca et al., 2010) . In our study, the total richness, abundance and diversity of aquatic macroinvertebrates were lower in the functional knickzone in May 2013 compared to September 2012. The opposite was observed in the non-functional knickzone. Probably these results reflected passive downstream transportation of benthic organisms from the upstream knickzone during the rainy season.
However, the settlement of these dispersed organisms probably is not stable, as the mean values of macroinvertebrate richness, density and diversity were consistently lower in the non-functional knickzone (ANOSIM and SIMPER analyses). Organisms reaching the non-functional knickzone will most likely die, only remaining the most resistant taxa. The presence of dams disrupts rivers longitudinal connectivity (Vannote et al., 1980; Stanford and Ward, 2001) , causing considerable environmental changes including fauna segregation.
The disruption of the longitudinal connectivity leads fragmentation (Anderson et al., 2015) , interfering with the natural downstream movement of mineral sediments (Skalak et al., 2009; Csiki and Rhoads, 2010) and distribution of particulate organic matter (Pohlon et al., 2007) , nutrients (Stanley and Doyle, 2002) , plant propagules (Jansson et al., 2000) and aquatic species (Benstead et al., 1999; O'Connor et al., 2006) . In this way, the transference of effects should be an important ecological aspect to be considered in evaluations of impacts and cascading effects from multiple SHPs installed along a river (Naliato et al., 2009; Nogueira et al., 2012; Anderson et al., 2015) .
The presence of dams changes water flow patterns, with direct influence on the depth and nature of the bottom substrate. The permanent flooded condition in the non-functional knickzone means a loss of the natural fluctuation dynamics of water level related to weather changes. This process can act as a disturbance in the functional knickzone, which would promote biodiversity and renewal processes in these environments (Holling and Meffe, 1996; Paine et al., 1998) . A decrease in the heterogeneity of substrates may have acted as a factor reducing the abundance and diversity of macroinvertebrates in the non-functional knickzone too. Changes in the nature of the substrate is a consequence of damming because higher water retention time and velocity decrease result in the accumulation of fine and homogeneous sediments (Thornton, 1990; Csiki and Rhoads, 2010; Mueller et al., 2011) . Thereby, a loss of habitats and the associated resources available for the animals can result in a simplification and homogenization of biodiversity, which will present lower evenness and higher dominance of some groups, as recorded in the non-functional knickzone.
Ecological theory predicts that habitat complexity allows more species to co-exist in a given area (Pianka, 1999; Muehlbauer and Doyle, 2012) , corroborating our finding of 72 taxa in the functional knickzone. The large number of exclusive taxa also indicated that this kind of macrohabitat may support differential local distribution patterns (Muehlbauer and Doyle, 2012) . The presence of knickzones allows filter-feeding groups, such as Hydropsychidae (caddisflies) or Simuliidae (black flies), to persist despite their absence in other lentic compartments that are under direct reservoir influence. Two dominant groups exhibiting this pattern are the EPT taxa (Hydropsychidae and Baetidae). Therefore, a knickzone, such as the knickpoints studied by Muehlbauer and Doyle (2012) , might be considered as a regional hotspot in terms of biodiversity and ecosystem health metrics (e.g., EPT -Lenat, 1988; Lenat and Penrose, 1996) .
Fluvial systems integrate landscapes and can exhibit distinct structural and functional stretches along their courses. Knickzones are environments that have intrinsic ecological characteristics, which have been scientifically unexplored because the difficulties of access and methodological constraints -impossibility to apply standard sampling techniques to the distinct habitats (Brambilla et al., 2018) . The precautionary principle (CNUMAD, Rio-92) calls for early measures to avoid and mitigate environmental damage in the face of the uncertainty. However, the conservation of particular river stretches or even an entire river, with a focus on the existing biota, is a challenging task in some countries. In Brazil, the official system for continental protected areas is basically directed towards terrestrial ecosystems, and river protection is therefore not a specific target.
Furthermore, the knowledge about SHP is still inconsistent all over the word. According to Kelly-Richards et al. (2017) , there is a need for deeper qualitative understanding of SHP impacts in diverse contexts. Our study indicates that the SPH expansion, including reservoir cascade systems, can be a considerable threat to the knickzones, causing irreversible losses in the associated biota.
